Chabert C, Bottelin P, Pison C, Dubouchaud H. A low-cost system to easily measure spontaneous physical activity in rodents. J Appl Physiol 120: 1097-1103, 2016. First published February 18, 2016 doi:10.1152/japplphysiol.00888.2015.-Spontaneous physical activity (SPA) can be responsible for variations of a lot of physiological parameters at the molecular, cellular, tissue, and systemic levels. It is increasingly recognized that good understanding of a large part of experimental results requires weighting them by SPA in order to reduce variability and thus to decrease the number of animals necessary to conduct a study. However, because of the high cost of this equipment, only a few laboratories are equipped with such equipment to measure the SPA of their animals. Here we present an effective, adaptable, and affordable system to measure SPA in rodents based on video acquisition of the animal in its own environment. We compared results obtained with our system to those collected at the same time with a commercial system of actimetry recording, and we found a high degree of correlation between these two approaches (r ϭ 0.93; P Ͻ 0.001). We also were able to detect small variations of SPA induced by a special environment like chronic hypoxia exposure (25% less spontaneous activity compared with animals in normoxia, P Ͻ 0.05) or during the circadian cycle (107% more activity during the nocturnal phase compared with the diurnal phase, P Ͻ 0.05).
PHYSICAL ACTIVITY REPRESENTS a physiological stress, with many repercussions from structure to function including, among many others, alterations of skeletal muscle (18) , heart (9), or bone composition (26) , increase in skeletal muscle oxidative capacities (3), higher insulin/glucagon sensibility (8) , antiinflammatory effect (29) , and modulation of hormonal secretions (21) . Furthermore, it has been shown that physical activity has protective effects in different pathologies such as colorectal and breast cancers (23) , cardiovascular risk of death (1, 23) , obesity, (13) and chronic obstructive pulmonary disease (12) . Nowadays, laboratory animals represent an important and increasing part of the research conducted in fundamental, preclinical, or applied studies of these pathologies, mainly involving rats and mice (53% and 19%, respectively, of laboratory animal use in the European Union) (25) . However, in these animal models, it has been shown that there are interindividual variations between rodents of the same groups (5, 11) or between strains (17, 24) , with consequences for their respective levels of spontaneous physical activity (SPA). Moreover, additional factors such as acclimation time, sensory stimulation, cage size, or commercial origin (32) could also interact. Many environmental conditions are also reported to modulate the level of SPA, among them chronic hypoxia exposure (2), short-term sleep loss (30) , or caloric restriction (31) . SPA is also considered as a key indicator of the wellness of housed animals, with reported increase in locomotor activity during a chronic mild stress (16) or decrease after intraperitoneal injections of Freund's complete adjuvant (20) . All this evidence shows that, whatever the variable studied, the SPA level should be more systematically determined in research projects to limit artifactual misinterpretation of results due to unexpected behavior modifications.
Commercial devices such as force plates, infrared actimeters, or video trackers are available to quantify this SPA in rodents. However, they have a significant cost that could restrain laboratories not specialized in behavioral studies or not used to the environment for data acquisition from including SPA measurement. Moreover, these systems are not versatile enough and often do not provide absolute data such as distance in meters. A few house-made video tracking systems developed by laboratories have the same inconveniences, with fixed programming that prevents any adaptation of the tracker (4, 22, 27, 28) . Our aim was thus to develop a low-cost, adaptable, and relevant system of measurement of the spontaneous activity in rodents that is able to provide a real traveled distance (in cm or in m) rather than an index in a relative arbitrary unit. To test our system, we compared the results obtained with this housemade system to those given by the use of a commercial force plate and in various situations known to alter SPA such as chronic hypoxia exposure or diurnal/nocturnal cycles.
MATERIALS AND METHODS

Animals.
Wistar male rats (n ϭ 16; 4 mo old) were fed ad libitum and housed under a 12:12-h light-dark cycle with lights on from 7:30 AM to 7:30 PM. The study was performed in accordance with French Ministry of Research recommendations (2013-118) and European Council Directive 2010/63/UE on the care and use of laboratory animals. Protocols were carried out in the animal facility of the Department of Biology of Université Grenoble Alpes (C3842110001) after approval by the ethics committee affiliated with the animal facility and agreement of the French Ministry of Research (168_LBFA-U1055).
Animals were labeled with a painted blue dot (a solution of Coomassie brilliant blue G-250 in ethanol 40%) placed at the neck base, between the shoulder blades. We chose a blue dot because blue appeared to be the less abundant color in the animal's environment and thus was at lesser risk of interaction with other objects present in the picture.
Chronic hypoxia. Rats were exposed either to chronic hypoxia (hypoxia group) in a normobaric chamber for 10 days (FI O 2 : 10%) or to a normoxic environment (control group) before the video acquisition.
Movement detection with a force plate. Movements of the animals were followed with a weight transducer platform (model MR-AT-RG, Oxylet system, Panlab Harvard Apparatus, Holliston, MA) according to the manufacturer's instructions. A central gauge is linked to four transducers distributed at each corner of the force platform on the top of which the cage feet were placed to ensure proper detection. This gauge detects the frequency of movement of the animal mass center by continuously querying the readings at each of the four transducers that are recorded with a computer interface with acquisition frequency set to 100 Hz. Signals were recorded and analyzed with Chart software (Chart 4.2, AD Instruments, Sydney, Australia), and results were expressed in arbitrary units (4, 10, 22) .
Video tracking system. Data acquisitions of SPA were simultaneously performed with the video tracker and the force plate for 110 min on animals in normoxia to validate the method. Monitoring of SPA was also done over 24 h in animals exposed or not to a chronic hypoxic environment or during alternate diurnal/nocturnal phases to test the accuracy in detecting small SPA variations.
For SPA acquisition, only a few pieces of equipment are required. We used a digital camera (Switch Grip II, Samsung Electronics, Seoul, Republic of Korea) with an acquisition rate set at 1 picture/s mounted on a tripod to hold the camera above the cage as illustrated in Fig. 1 . The lid of the cage was replaced with a transparent Plexiglas cover. The software used for the data processing was MATLAB 7.14 (MathWorks r2012a, Natick, MA); a user guide and the source code are available as Supplemental Material to the present article ("User guide.txt" and "a_Tracking_Script.m"). 1 The video tracker developed is based on a video follow-up of the animal in its environment that is computer processed to detect the coordinates of the animal frame by frame. We chose an acquisition data frequency of 1 frame/s, but this can be increased up to 25 frames/s depending on the precision needed. Video files are saved in MPEG-4 format (example can be found in Supplemental Material, filename "VideoDemo-1.mp4"). To minimize errors during SPA acquisition, the camera must be placed perpendicularly to the ground and a scale with a defined length must be placed in the field of the camera to convert the distances from pixels to centimeters. Moreover, it is also possible to register several animals during the same acquisition session, once knowing that 1) the larger the camera field is, the lower the pixel-to-centimeter ratio is, resulting in a decrease of video tracker accuracy, and 2) the animals must be housed in different cages to avoid confusion between them in using the blue tracker.
Picture processing. Every picture is coded in three superimposed layers representing the three optical primary colors, red, green, and blue ( Fig. 2) . Each layer can be represented by a table encoding the color intensity of all pixels with a number ranging from 0 (black) to 255 (maximum of color intensity). The picture displayed by the monitor is the sum of these three layers. Choosing the blue color for the animal tracker, as one of the three primary colors, allows us to work only on the layer of that chosen color and to decrease the computer processing time of the video acquisition. However, it is possible to change the color of interest to green or red by simply changing the selected layer selected in the MATLAB code (parameter "Color_Spot" in the script).
The computing process of each video picture is divided into four steps with the MATLAB script "a_Tracking_script.m" provided as Supplemental Material. The first step (Fig. 3A) is allocated to loading of the video file, calibration of the maximum area of the color spot detected, and a maximal sensitivity accepted to detect the color spot in the field of the camera. The second step (Fig. 3B ) corresponds to the visual treatment of the picture. During this step, the software loads the three layers of the first video frame (Fig. 3A) and automatically adjusts the color intensity, brightness, and contrast levels with a MATLAB function, to increase the quality of the acquisition. The third step (Fig.  3C ) corresponds to RGB-to-binary picture transformation, color spot detection, and variation of the tracker sensitivity to decrease the measurement's artifacts. At this point, the nonuseful red and green layers were subtracted and small artifactual dots were deleted. The remaining blue layer was coded in the RGB system from 0 to 255 and 1 Supplemental Material for this article is available online at the Journal website. 
RGB Layers
Blue layer Binary picture RGB picture then transformed into a binary layer (coded as 0 or 1). The sensitivity filter set the lowest blue intensity to 1 in the binary frame (Fig. 3C) . Three results are possible: 1) the picture is entirely black (sensitivity index too low); 2) one spot is detected (process continues); or 3) more than one spot is detected (sensitivity index too high). When the sensibility index is too low or too high, the program automatically modifies it until only one white spot is detected, allowing the process to continue. During this step, the "Loop" variable is introduced to detect the deadlocks of the video acquisition (e.g., when the animal is in a position that does not allow visualization the dot of color). So if one of the filter criteria implemented is not respected, the program considers that the animal signal is lost for this frame and continues to the next picture. The last structure (Fig. 3D) is used to identify a rectangular delimiting box around the color spot. The coordinates of the center of this delimiting box are saved frame by frame in a matrix named "MatSave" in a mat-file in the matrix folder, allowing convenient further data processing. A percentage of signal loss during the video acquisition named is displayed (AcquisitionPercentage) to determine the quality and reliability of the acquisition.
Data analysis. The MatSave matrix previously obtained is then used to extract the distance traveled by the animal picture by picture, using the script named "b_Matrix_computing_script.m" provided as Supplemental Material. This script averages the data either minute by minute or hour by hour. During this script processing, additional filters can be applied to refine the video tracking. The first is the activity/rest differentiation filter. It allows determination of the minimal distance traveled by the center of the blue spot between two frames from which the animal is considered as significantly moving or active. The second filter is an artifact filter for blue spot recognition. Indeed, the outline of the blue spot cannot be perfectly delimited by the MATLAB code without inducing small modifications of the delimiting box center detected. With this filter, it is possible to differentiate real animal movements from artifactual ones induced by the delimiting box detection. Finally, a third filter allows the detection of too fast movements of the spot that could occur when the video tracking detects a wrong color spot in the picture.
Statistical analysis. All values are reported as means Ϯ SE. Differences between groups were tested by two-way repeated-measures ANOVAs with a Holm-Sidak post hoc or nonparametric Tukey test when appropriate. The linear correlations between two factors were estimated with Pearson's correlation coefficient. The differences were considered significant for a P value Ͻ 0.05.
RESULTS
We compared the SPA evolution profiles obtained with our system to those simultaneously recorded with a commercial force plate (Fig. 4, A and B) . We can see on both profiles that active phases alternate with passive phases, with some characteristic points due to these variations of activity (see arrows). The patterns follow a very similar kinetic, with an analogous localization of the matching features between the two techniques. This similarity is confirmed by the high correlation (r ϭ 0.93, P Ͻ 0,001) between the two moving average results calculated over a 3-min acquisition period of the video tracker and the force plate (Fig. 4C) .
Our measurements performed in normoxia and in chronic hypoxia (Fig. 5, A and B) show a significant increase of the SPA kinetic during the nocturnal compared with diurnal phase (ϩ154% and ϩ60%, respectively, P Ͻ 0.05). However, the increase of SPA during the night is significantly higher in normoxia than in hypoxia. Figure 5C shows the individual cumulative distances traveled by each animal and appears to indicate a higher traveled distance from the beginning of the night phase for all animals exposed to normoxia. The average of these data (Fig. 5D ) confirms these results, with the traveled distance in normoxia and in chronic hypoxia comparable during the diurnal phase (52.6 vs. 54.0 m, not significant) but significantly higher during the nocturnal phase (133.6 vs. 86.6 m, P Ͻ 0.05). Figure 6 shows the main areas of interest for an animal during the acquisition period. As shown in this figure, the localization of the animal fits with the food and drink areas. This is an example of the high versatility and the advantage given by our video tracker system. Indeed, it may be easily used for other kind of measurements, such as determining the specific areas occupied by the animals to perform behavioral studies.
DISCUSSION
This study presents an efficient, low-cost, and adaptable system for SPA measurement in rodents. The significant correlation between video tracking results and those obtained with a commercial device as reference (force plate technique) strongly supports the usefulness of our measurement technique. Small differences are still observed in SPA acquisitions, probably related to the nature of the measurements: the force plate detects floor pressure variations exerted by the animal, whereas the video tracker monitors the movements of the animal itself. Our system has the advantage of alleviating erroneous results due to these floor pressures. Reliable animal SPA measurements were obtained in different environment and luminosity contexts as shown by the differences in diurnal and nocturnal phases. Greater SPA during the night was clearly evidenced, which agrees with the nocturnal rodent lifestyle (19) . Animal hypoactivity in a chronic hypoxic environment was also observed, which is a classic and well-documented behavior in such conditions (2) . This suggests that our system is sensitive enough to reflect these minor changes in SPA in rodents due to changes in environment.
Our tracking system allows quantitative measurements that are similar to those already available in the literature. A previous study using the VideoMot 2.0 infrared video-based tracking system (TSE Systems, Bad Homburg, Germany) over a 23-h session yielded a cumulative covered distance of 147 Ϯ 39 m for male Wistar rats weighing ϳ380 g (15) . With that published mean and standard deviation, the results are not significantly different (P ϭ 0.548) from ours obtained in similar conditions. Over a 1-day acquisition session, Girardier et al. (14) measured a mean covered distance of 3.71 Ϯ 0.61 m/h in obese Zucker rats (weighing ϳ300 g) and 8.69 Ϯ 0.57 m/h in lean control rats (weighing ϳ250 g). The animals used in our study covered a similar averaged distance (3.9 Ϯ 1.6 m/h). The slight difference could be explained by the fact that the rat strains were different (Wistar rats vs. Zucker rats) and that body weights were different as well.
Compared with other video tracker systems (see Table 1 ), our method provides reliable measurements without a priori specifications of acquisition area (27) . Large variations in luminosity are correctly processed in our algorithm, unlike background subtraction methods (4, 22) . In addition, methods based on detecting the picture area occupied by the animal to locate its mass center position tend to underestimate SPA. Indeed, the different position between the blue dot on the neck base and the mass center allows detection of the animal's rotation around its own axis.
To facilitate the use of our method and for flexibility and versatility, we provide all the necessary open-source scripts (28) Rodent is filmed from below in a specific Plexiglas cage with an infrared camera Nocturnal acquisition is possible Only 1 rodent can be measured at a time Does not detect the rotation of the animal on its own axis Acquisition is performed in a specific environment Otero et al. (27) Rodent is filmed from below in a specific Plexiglas cage, illuminated to enhance contrast This open-code distribution also represents a major economic advantage. Commercial systems based on force plate transducers cost a few thousand dollars (usually between US$3,500 and US$5,000) and can measure SPA for only one rodent at a time. They also require specific analyzing software (about US$2,500). In comparison, our proposed tracking system only requires US$400 plus a MATLAB license.
In conclusion, we have developed a low-cost, efficient, easy-to-implement, versatile SPA measurement system. The reliability and the significant variations observed in chronic hypoxia or between alternate light/dark periods confirm its accuracy and reproducibility. Moreover, the successful comparison to literature review and commercial systems is the final clue to validate this video tracker. Wide use of such a tool could represent a significant economical breakthrough for SPA measurement, taking into account the adverse effects of cost on the interpretation of experimental results in laboratories where locomotion is not the central interest. 
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